Organ Specificity and Lactate -Dehydrogenase Activity Lactate dehydrogenase is widely distributed throughout mammalian tissues and, though in all cases it catalyses the reversible reduction of pyruvate, the enzyme has certain properties characteristic of the tissue from which it is derived. Human and rabbit tissues have been shown to contain a number of fractions exhibiting lactatedehydrogenase activity that may be separated by electrophoresis on a suitable supporting medium, e.g. starch block (Vesell & Beam, 1957 , 1961 , paper (Sayre & Hill, 1957; Wieland & Pfleiderer, 1957; Hess, 1958) , agar gel (Wieme, 1959a, b; Blanchaer, 1961) or starch gel (Plagemann, Gregory & Wroblewski, 1960a; Latner & Skillen, 1961) . Different lactate-dehydrogenase isoenzymes have been shown to vary in several properties other than electrophoretic mobility, e.g.: immunochemical specificity (Nisselbaum & Bodansky, 1959 , 1961 Plagemann et al. 1960a, b) ; effects of inhibitors (Wieland & Pfleiderer, 1957; Plumrner & Wilkinson, 1961) ; substrate affinities (Plagemann et al. 1960b; Vesell & Beam, 1961) ; ability to utilize coenzyme analogues (Kaplan, Ciotti, Hamolsky & Bieber, 1960) ; stability at elevated temperatures (Plagemann, Gregory & Wr6blewski, 1961) .
Following the observation of Meister (1950) that lactate dehydrogenase from a variety of sources exhibited activity against a number of a-oxo-and ay-dioxo-acids in addition to pyruvate, Rosalki & Wilkinson (1960) compared the activities of fractions of normal human sera separated by continuous paper electrophoresis, using pyruvate and 2-oxobutyrate. When optimum substrate concentrations were employed, the fast-migrating fractions exhibited similar activities with either substrate, but the slow fractions displayed much greater activity with pyruvate than with 2-oxobutyrate. The present work has been done to determine whether the enzymes acting on these two substrates were identical, and to obtain quantitative information on the relative activities in different fractions from different tissues. For these purposes zone electrophoresis with starch grains as support phase (Vesell & Bearn, 1957) had advantages over other procedures since it could be used on a preparative scale.
Preliminary accounts of this work have been presented at joint meetings of the Biochemical Society and the Association of Clinical Biochemists (Wilkinson, Cooke, Elliott & Plurmmer, 1961; Wilkinson, Elliott, Cooke & Plummer, 1962) .
Previous demonstrations of the enzymic reduction of 2-oxobutyrate (Meister, 1950; Rosalki & Wilkinson, 1960) have depended upon the disappearance of the reduced coenzyme. However, since the reaction appears to be of considerable diagnostic significance Elliott, Jepson & Wilkinson, 1962) , we considered it desirable to obtain evidence that 2-hydroxybutyrate is in fact produced. Owing to the difficulty of demonstrating the presence of small amounts of this product, however, we decided to study the reverse reaction with a rabbit-heart preparation. Green & Brosteaux (1936) reported that pig-heart preparations containing lactate dehydrogenase oxidized 2-hydroxybutyrate, but they used the Thunberg technique and did not isolate the reaction product. Their results have now been confirmed by the demonstration that the 2,4-dinitrophenylhydrazone of the product of the enzyme reaction is chromatographically identical with that of 2-oxobutyrate.
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MATERIALS AND METHODS Substrates. 0-022M-Pyruvate and 01 M-2-oxobutyrate were prepared from sodium pyruvate and 2-oxobutyric acid purchased from L. Light and Co. Ltd. The solutions were adjusted to pH 7-4 with 4N-KOH.
Approximately 0 5M-DL-2-hydroxybutyrate was prepared by dissolving the acid (L. Light and Co. Ltd.) (5 g.) in water (60 ml.); 5N-NaOH was added until the solution was alkaline to phenolphthalein. The mixture was then heated at 800 and further 5N-NaOH added until all lactide had been hydrolysed, i.e. until the solution remained permanently alkaline. After cooling to room temperature, the volume was made up to 100 ml. with water.
Coenzymes. Nicotinamide-adenine dinucleotide (NAD) and NADH2 were purchased from C. F. Boehringer und Soehne, Mannheim, Germany. Solutions were freshly prepared each day.
Synthesis of 2,4-dinitrophenylhydrazone of 2-oxobutyric acid. 2-Oxobutyric acid (0-26 g.) was dissolved in water (5 ml.) and treated at 500 with a solution of 2,4-dinitrophenylhydrazine (0 5 g.) in 6N-HCE (30 ml. Tissue extracts. Extracts of heart, liver, skeletal muscle and kidney were prepared from a rabbit freshly killed by exsanguination under pentobarbitone anaesthesia. The tissues were rapidly excised and trimmed and homogenized for 1 min. at 0-5°in 0 067M-Sorensen phosphate buffer, pH 7-4, in an Ato-Mix homogenizer. The homogenates were clarified by filtration through cotton gauze and by centrifuging at 15OOg for 5 min. and the extracts were dispensed into a number of tubes and stored frozen at -180 until required for use. The enzyme activities of both supernatant and residues were found to be practically identical, thus indicating that extraction of the enzyme from each tissue was essentially complete. Enzymic dehydrogenation of 2-hydroxybutyrate. A mixture of 0-1M-sodium glycine buffer, pH 10-0 (4-2 ml.), 0-5M-DL-2-hydroxybutyrate (0-2 ml.) and NAD (14 mg.) dissolved in glycine buffer (1-4 ml.), and rabbit-heart extract (0-64 mg. of N/ml.) (0-2 ml.), was incubated at 370 for 18 hr. The Bioch. 1963, 87
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reaction was stopped by the addition of 1N-HCI (05 ml.). A similar mixture to which the lON-HCl was added before incubation served as a control. 2,4-Dinitrophenylhydrazine (0.5% in 2N-HCI; 0-5 ml.) was added to each preparation, and the resulting mixtures were heated at 370 for 30 min. After cooling to 40 the mixtures were twice extracted with ethyl acetate (1 ml.) and the combined extract was washed with water. Acidic phenylhydrazones were extracted from the organic layer by shaking with 0-5N-NaOH (1 ml.). The aqueous layer was acidified with 2N-HCI (1 ml.) and twice extracted with ethyl acetate (1 ml.). The solvent was evaporated to dryness and the residue dissolved in ethyl acetate (0-2 ml.). Samples (1-10lO.) were chromatographed on Whatman no. 3 paper with butan-l-ol-ethanol-water (7:1:2, by vol.) as solvent. A solution of synthetic 2,4-dinitrophenylhydrazone of 2-oxobutyric acid (12 mg.) in ethyl acetate (0-2 ml.) served as marker. After development the spots were made visible by dipping the papers in 90% ethanolic 0-5N-NaOH.
The dinitrophenylhydrazone of the product of the enzymic reaction had Rp 0 55, identical with that given by authentic 2-oxobutyric acid 2,4-dinitrophenylhydrazone.
The corresponding derivative of pyruvic acid had Rp 0 38.
No dinitrophenylhydrazone was formed in control experiments in which the enzyme was inactivated either by heating or by acidification before incubation. Similar results were obtained when a commercial sample of crystalline ox-heart lactate dehydrogenase (Worthington Biochemical Corp.) was used in place of the rabbit-heart extract.
Starch-block electrophores8i. Potato starch (British Drug Houses Ltd.) (1 kg.) was twice washed by decantation with distilled water (11.), then twice with sodium barbitone buffer, pH 8-6 (I 0-1; 1 1.). On the second occasion the starch was allowed to settle overnight and the excess of buffer decanted. The starch was then placed on a glass plate and compressed into a block 35 cm. x 15 cm. x 1 cm. by means of a Perspex former. The plate and block were supported on a brass cooling tank through which 15% (v/v) ethylene glycol solution at -2-0°was circulated (Tombs, Cooke, Burston & Maclagan, 1961 
Partial purification of human-heart lactate dehydrogenase.
The method employed was based upon that of Meister (1952) , as modified by Nisselbaum & Bodansky (1961 b) .
A calcium phosphate gel was prepared by rapidly addingO66m-CaCl2 (125 ml.) towell-stirred 0 44m-Na2HPO4 (125 ml.). The pH was adjusted to 8-4 by the addition of aq. NH3 solution (sp.gr. 0-88; 2-5 ml.). The gel was washed by decantation with water until free from chlorides, and was then suspended in water (300 ml.). A human heart removed at autopsy within 24 hr. of death was kept at -180 until extracted. Excess of fat was trimmed and the remainder (348 g.) was minced into water (1 1.) at 4°. All subsequent operations were carried out at this temperature unless otherwise stated. The mixture was stirred mechanically for 10 min. and filtered through nylon. The muscle was then extracted again with a further 500 ml. of water and again strained. The combined extract was stirred for 10 min. with the calcium phosphate gel suspension and subsequently fractionated as shown in Scheme 1.
Aq. extract of human heart muscle (1560 ml.) (Py 100; Ox 100) added to calcium phosphate gel suspension (300 ml.) I Although lactate-dehydrogenase activity was found in all the tissue extracts studied, enzyme activity was associated with protein fractions having electrophoretic mobilities that varied according to the tissue of origin. The results obtained with extracts of rabbit heart, skeletal muscle and liver are shown in Fig. 1 . Whereas the heart extract exhibits most activity in the fast-moving-fractions with mobilities similar to those of cc-globulins, the activities of the skeletal-muscle and liver extracts behave like a y-globulin in remaining near the origin. Similar results were encountered with extracts of mouse tissues, although the heart isoenzymes were much more diffuse than those of the rabbit. The lactate dehydrogenase of mouse serum also remained near the origin.
In each of the tissues examined, peaks of lactatedehydrogenase activity determined by ability to reduce pyruvate corresponded to peaks of activity against 2-oxobutyrate, but the relative activities against the two substrates varied considerably. In the rabbit the fast isoenzymes showed similar activities against both substrates whereas the slow-moving fractions had a high activity with pyruvate only, but this was not so, obvious in the mouse.
Electrophoretic patterns similar to those found in the rabbit were also observed with extracts of human heart and liver (Fig. 2) . These tissues were not so fresh as those obtained from rabbits, however, and the less sharp definition of the electrophoretic peaks may have been due to contamination with adherent blood, and to possible autolytic changes post mortem. Human skeletal muscle, however, differed in its lactate-dehydrogenase isoenzyme content from that of the rabbit in displaying principal activity in fractions with intermediate mobilities. The possibility that blood was the source of these was excluded by studying an extract of human muscle from a freshly amputated leg. This specimen was provided through the courtesy of Mr T. O'Kelly of Queen Mary's Hospital, Roehampton, who perfused it with saline to remove practically all blood. The fast-moving peaks again showed greater relative activity with 2-oxobutyrate as substrate. Lactate-dehydrogenase activity in fractions of rabbit-tissue extracts separated by starch-block electrophoresis in barbitone buffer, pH . Amounts of extract equivalent to 1 mg. of N were applied to the block. Tissues used were heart (---. ), liver (----) and skeletal muscle (-) . Hb and Alb denote the positions occupied by haemoglobin and albumin markers respectively and the arrow shows the point of application. Substrates: (a) 0-7 mMpyruvate; (b) 3-3 mM-2-oxobutyrate.
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Fraction no. Fig. 2 . Lactate-dehydrogenase activity in fractions of human-tissue extracts separated by starch-block electrophoresis in barbitone buffer, pH . Amounts of extract equivalent to 1 mg. of N were applied to the block. Tissues used were heart ( -), liver (---) and skeletal muscle (-) . Hb and Alb denote the positions occupied by haemoglobin and albumin markers respectively and the arrow shows the point of application. Substrates: (a) 0-7 mmpyruvate; (b) 3-3 mM-2-oxobutyrate. Peaks 1-5, isoenzyme activity.
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The electrophoretic patterns observed with the various rabbit and human tissues were found to be reflected in the overall activities of the extracts against the two substrates. Table 1 shows the activities observed. It will be seen that in both species the ratio 2-oxobutyrate activity/pyruvate activity for heart muscle is about 10, whereas in liver it is very much lower (usually in the range 0 25-0 35). In the value of this ratio for skeletal muscle, however, a marked species difference between man and the rabbit was observed, since in the former values similar to that for blood serum were found, whereas in the rabbit values of less than 0-2 were encountered. Though the number of specimens examined was insufficient to permit statistical treatment, the ratios recorded in Table 1 are considered to be typical since repeat determinations with tissues from four human bodies and four rabbits gave results similar to those in the Table. Low ratios were found in all the mouse tissues studied (Table 1) . The value for skeletal muscle was similar to that of rabbit muscle, but for heart, liver and serum ratios much lower than those for the respective human and rabbit tissues were observed.
The relative activities of the different isoenzymes with the two substrates have been compared with their electrophoretic mobilities in human and rabbit heart, skeletal muscle and liver (Table 2 ). In the human tissues there is a considerable difference between the values for the ratios of the three more rapidly migrating isoenzymes, 1, 2 and 3, and those of the slower fractions 4 and 5. (In this paper, the ENZYMIC REDUCTION OF 2-OXOBUTYRATE European system of numbering isoenzymes has been adopted; the fastest migrating fraction is described as peak 1; Wieme, 1962.) Stability of electrophoretically 8eparated i80-enzymes. The recoveries of total enzyme activity after electrophoresis of human-heart extracts were in the range 60-70 % of that applied to the block, but were generally appreciably lower in skeletal muscle and liver (10-40 %). To ascertain whether the discrepancy was due to differences in the relative stabilities of the principal isoenzymes of liver on the one hand and of heart on the other, a comparison was made of the effects of storage on the enzymic activities of the electrophoretic fractions showing greatest activity.
After storage of liver fraction no. 27 (Fig. 2) for 2 hr. at 220, activity against both pyruvate and 2-oxobutyrate had decreased by 20%, and after being kept at -180 for a further 24 hr. no activity could be detected. In contrast, no change in the activities of the main fractions of heart extracts (nos. 9 and 13, Fig. 2 ) was observed after 2 hr. at 220, and the loss on storage overnight at -180 was less than 5 %. In one experiment 50 % of the original activity remained in each of two fractions stored at -180 for 16 days. These results are consistent with the finding of Plagemann et al. (1961) that liver lactate dehydrogenase is appreciably more thermolabile than lactate dehydrogenase from other tissues, and also with the results reported in the next paper (Plummer & Wilkinson, 1963) .
In neither case during these storage experiments was there a significant change in the value of the ratio 2-oxobutyrate activity/pyruvate activity, thus suggesting that in any given fraction both substrates are acted upon by a single enzyme protein.
An attempt to improve the stability of electrophoretically separated lactate dehydrogenase isoenzymes, especially those of liver, by incorporating 0-4M-ammonium sulphate into the elution buffer, was without effect.
Partial purification of heart -muwcle latate dehydrogenase. A crude aqueous extract ofhuman heart was subjected to a series of fractionation procedures including absorption on and elution from a calcium phosphate gel, followed by repeated alternate precipitation with ammonium sulphate and acetone, based upon the technique of Meister (1952) . After each step had been completed samples were removed for determination oflactate-dehydrogenase activity. As shown in Scheme 1, the recovery of activity with pyruvate as substrate was the same as that with 2-oxobutyrate at each step, both in the fractions retained and in those discarded. The crude aqueous extract had a ratio 0-99, and the partially purified product gave the value 0-98. This strongly suggests that a single enzyme protein acts upon both substrates.
Similar conclusions were drawn from experiments with rabbit skeletal-muscle lactate dehydrogenase, for whereas two different crude extracts gave ratios 0-23 and 0-19, a commercial sample of the crystalline enzyme gave a ratio 0-21.
DISCUSSION
Our results with starch-block electrophoresis confirm that the principal isoenzymes of the heart are fast-moving at pH 8-6 (Fig. 2: peaks 1 and 2) , whereas that from the liver migrates slowly (peak 5). In our experiments there was a marked difference between the electrophoretic mobilities of rabbit and human skeletal-muscle lactate dehydrogenase: that from the former occurred alnost exclusively in peak 5, in agreement with the findings of Plagemann et al. (1960a) . By contrast we found human enzyme activity principally in peaks 3 and 4, with smaller amounts in peaks 1, 2 and 5, an observation at variance with those reported by Plagemann et al. (1960a) and Vesell & Beam (1961) .
Damage to certain tissues may cause a change in the lactate-dehydrogenase isoenzyme pattern of the serum, and after myocardial infarction increases in peaks 1 and 2 may usually be observed. In liver disease, increases in the slow isoenzymes might be expected, but owing to their relative instability their presence in blood serum cannot always be demonstrated. However, the marked difference between the relative activities of the slow and fast isoenzymes when 2-oxobutyrate is used as substrate provides a convenient means for assessing the relative amounts present in a preparation (Table 2) . In certain cases the ratio 2-oxobutyrate activity/ pyruvate activity has enabled the tissue of origin of a raised serum lactate dehydrogenase to be identified without recourse to electrophoresis .
HEIuman-heart extracts and the isoenzymes of peaks 1 and 2 show ratios of about unity, whereas liver extracts and the slow-moving peaks 4 and 5 give values in the range 0-2-0-3. The findings of ratios ofabout 0-5 inhuman skeletal-muscle extracts and of 0-2 in rabbit-muscle extracts appear to confirm our observations ofa difference in the mobilities of the principal isoenzymes of skeletal muscle for these species.
The possibility that the dehydrogenase acting on pyruvate and that reducing 2-oxobutyrate are two distinct enzyme proteins was considered in view of the differences in temperature coefficients, pH curves and relative activities observed in human sera by Rosalki & Wilkinson (1960) . Since no electrophoretic fraction displayed activity exclusively against one or other of these substrates it seems highly probable that '2-hydroxybutyrate dehydrogenase' and lactate dehydrogenase are identical.
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